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Introduction
While molecular phylogenetic work over the last few decades has addressed relationships within and among major organismal groups, an on-going challenge is how to approach more recent evolutionary radiations. In particular, phylogenetic inference poses considerable limitations for resolving reticulate, recent relationships that may not exhibit a bifurcating, hierarchical evolutionary history. Remote island archipelagoes serve as a "natural laboratory" for studies of such recent evolutionary radiations. The isolation of these islands (both from the mainland and from one another), plus the wealth of different habitats available, provides ideal settings for rapid diversification and adaptation (Emerson, 2002) . The Hawaiian archipelago, which lies greater than 3700 km from the nearest continental landmass, provides several famous examples of organismal radiations, including Drosophila (Kambysellis et al., 1995) , spiders (Gillespie et al., 1994) , birds (Lerner et al., 2011) , and plants, such as the silversword alliance (Witter and Carr, 1988) , and lobelioids (Givnish et al., 2013) .
Another example is that of the endemic Hawaiian mints (Lamiaceae), one of the most species-rich plant lineages in the archipelago (Baldwin and Wagner, 2010) . The ancestor of this monophyletic lineage arrived in the Hawaiian Islands 4-5 million years ago and rapidly diversified into three genera: Haplostachys, Phyllostegia, and Stenogyne (Roy et al., 2013) . The 59 extant members of this lineage exhibit remarkable phenotypical and ecological diversity. For example, Haplostachys have fragrant white flowers associated with an insect-pollination syndrome and produce dry fruits, whereas both Phyllostegia and Stenogyne produce fleshy fruits, and Stenogyne have flowers associated with bird pollination. Species are often endemic to one or two islands and can be found in a variety of habitats, ranging from xeric shrubland to wet forests, and at a wide range of elevations (Lindqvist and Albert, 2002) . Similar to many other island endemics, however, many Hawaiian mint species have been impacted by anthropogenic influences. At least 13 species are extinct, and the majority of the extant taxa are threatened or critically imperiled, with several species having fewer than 100 individuals remaining . Taxonomic knowledge for the majority of the species in this lineage comes from collections in herbaria and botanical gardens, and these collections represent primary sources of material in phylogenetic analyses of their evolutionary history (Lindqvist and Albert, 2002; Lindqvist et al., 2003) .
Recent molecular phylogenetic work in the subfamily Lamioideae has established the phylogenetic position of the Hawaiian lineage within tribe Stachydeae, a largely heterogeneous tribe spanning a wide array of morphological, cytological, and biogeographical diversity comprising of at least 12 genera, including the subcosmopolitan genus Stachys (Bendiksby et al., 2011; Lindqvist and Albert, 2002; Scheen et al., 2010) . The Hawaiian genera are nested within a strongly supported lineage predominantly composed of New World Stachys. Intriguingly, molecular phylogenetic studies show that while chloroplast DNA (cpDNA) sequence data group the monophyletic Hawaiian mints with Meso-South American (SA) Stachys (Fig. 1a) , nuclear ribosomal DNA sequences suggest that they are most closely related to temperate North American (NA) Stachys (Fig. 1b) (Lindqvist and Albert, 2002; Lindqvist et al., 2003; Roy et al., 2013) . Interestingly, the Californian-Pacific northwestern species Stachys chamissonis groups is closely related to the Hawaiian clade in both cases. This cyto-nuclear phylogenetic incongruence is corroborated with low-copy nuclear loci that indicate a polyphyletic placement of the Hawaiian species, with some members grouping with temperate NA Stachys and others grouping with Meso-SA Stachys (Fig. 1c) (Roy et al., 2015) . These results, in combination with karyotypic and morphological data and multi-locus coalescence species tree reconstruction, convey a scenario for the Hawaiian mint lineage that is best explained by a hybrid origin involving at least two separate American Stachys lineages, descendants of which colonized the Hawaiian Islands (Lindqvist and Albert, 2002; Roy et al., 2013; Roy et al., 2015) . A number of other Hawaiian angiosperm radiations of American origin appear to have a hybrid ancestry, which may have been an important factor in insular colonizations and diversification of species-rich lineages (Baldwin and Wagner, 2010) .
Paradoxically, in contrast to their extensive morphological and ecological diversity, DNA sequence variation among radiating species is often remarkably low. Phylogenies of the Hawaiian mints have been reconstructed from datasets composed of commonly used DNA sequence markers, including cpDNA and nuclear ribosomal 5S non-transcribed spacer and external transcribed spacer regions (Lindqvist and Albert, 2002; Roy et al., 2013) , which are rapidly evolving in many other species (Baldwin and Markos, 1998; Shaw et al., 2005; Small et al., 1998) , but they fail to resolve relationships among the Hawaiian mints. A similar pattern of low genetic diversity has been noted in other recent radiations of Hawaiian plants (Appelhans et al., 2014; Baldwin and Sanderson, 1998; Cronk et al., 2005; Givnish et al., 2009; Givnish et al., 2013) . Given this low diversity in recent radiations, large amounts of data are clearly required to increase resolution. Moreover, to resolve reticulate relationships, robust phylogenies based on both uniparental and biparental markers are required. Since standard cpDNA markers commonly used in plant molecular phylogenetics are insufficient to trace the ancestry of the Hawaiian lineage, we undertook a phylogenomic approach.
With the development of next-generation sequencing technologies (NGS) it is now possible to generate large amounts of sequence data for non-model taxa (Ekblom and Galindo, 2011) . Sequences of complete chloroplast genomes are now becoming available for many contemporary species (Moore et al., 2006) , and phylogenetic analyses of complete chloroplast genomes have been found to substantially increase resolution in taxa that have undergone rapid radiations (Parks et al., 2009) , bypassing previous trade-offs between the number of taxa and the number of nucleotides utilized (Martin et al., 2005; Soltis et al., 2004) . However, while generating large amounts of data has become relatively easy, sequencing and assembling complete chloroplast genomes, particularly from historical and ancient material, can still be challenging. DNA obtained from herbarium samples is highly degraded (Staats et al., 2011; Weiss et al., 2015) . While its fragmented nature is well suited for the relatively short read lengths produced by second generation sequencing technologies (Knapp and Hofreiter, 2010; Staats et al., 2013) , it can be difficult to work with. For example, it has been demonstrated that the decay rate in herbarium samples is about ten times faster than the rate in bones (Weiss et al., 2015) , and that 96 -99% of endogenous DNA may be lost during long term tissue storage (Staats et al., 2011) . In addition, ancient material often contains DNA from environmental contaminants with genomic sequencing typically limited to low fractions of endogenous DNA. For example, in 70 year-old herbarium material, less than 5% of reads were from the target species (Staats et al., 2013) . This can complicate high quality assembly of complete genomes, unless extensive sequencing is conducted to recover as much of the endogenous genome as possible. Furthermore, mapping reads to a reference genome can be complicated by divergence between the reference and species of interest (Ruffalo et al., 2011) . De novo assembly, on the other hand, can be time consuming and computationally intensive (Miller et al., 2010a) , and may provide only limited success for herbarium samples (Staats et al., 2013) . Comparative, reference-guided assemblers (Ratan, 2009 ) take an intermediate strategy, and can provide a powerful approach for taxa like the Hawaiian mints, for which no close reference sequence is available.
The aims of this study were to 1) test the application of NGS to Hawaiian mint herbarium material and sequence the first complete chloroplast genome of an Hawaiian mint to facilitate resequencing and assembly of additional chloroplast genomes from representatives of Stachydeae, including members of all three genera of Hawaiian mints; 2) conduct plastid phylogenomic analysis with extensive taxonomic sampling to provide a well-resolved maternal phylogeny, which is imperative for assessments of hybrid origins and the evolutionary history of a major Hawaiian radiation; and 3) examine the pattern of variation among these chloroplast genomes to evaluate levels of variability among Hawaiian mints and their close relatives, including regions traditionally used in plant molecular phylogenetics. This is the first NGS study of a major Hawaiian radiation of plants. By using a shotgun next-generation sequencing approach, we were able to assemble a high-coverage, complete chloroplast genome from an extinct Hawaiian species and generate extensive data from other extinct and endangered taxa from up to ~100 year-old herbarium specimens. This also represents the first chloroplast genome in the subfamily Lamioideae, the second-largest subfamily within the ecologically and economically important Lamiaceae, for which only few chloroplast genomes have been sequenced so far. Our study highlights the feasibility of a genome-scale approach to take advantage of cataloged, but rare and possibly extinct historical collections. It also accentuates that even a genomic approach may not be able to resolve recently evolved reticulate lineages.
Materials and methods
Taxon sampling
Eighteen samples were selected for shotgun sequencing and assembly of complete chloroplast genome sequences (Table 1) . These included 12 Hawaiian mint species (five from contemporary sample collections and seven from herbarium collections ranging up to ~100 years old), of which two extinct species were represented by two accessions each. We also sequenced four Stachys species, representing both close and more distantly related taxa. To conduct an extensive phylogenetic analysis of this lineage we selected 96 additional taxa for targeted amplicon sequencing, including 48 out of ~59 described Hawaiian species, as well as representative taxa among close Old and New World relatives from all major recognized lineages (Table 2) . Specifically, we conducted targeted sequencing for 2 Haplostachys, 29 Phyllostegia, and 22 Stenogyne accessions, plus 46 Stachys and 1 Suzukia outgroup taxa. Samples ranged in age from 4 -105 years, with an average age of 32 years ( Supplementary Fig.  1 ). The contemporary samples have been stored in silica gel at room temperature after sampling.
Library construction and next-generation sequencing
Approximately 100 mg dried leaf tissue for each sample was homogenized using the TissueLyser system (Qiagen), and DNA was extracted using the DNeasy plant mini kit (Qiagen). DNA isolated from herbarium samples for shotgun Illumina sequencing was processed separately from contemporary samples in a PCR hood using dedicated supplies and reagents.
Overnight UV decontamination of pipettes, working surfaces, plastics, and buffers, as well as extraction and negative controls were used to minimize and detect any potential contamination. To confirm the presence of target DNA in herbarium DNA extracts, we amplified a short chloroplast region, the trnL intron, following the protocol described in Lindqvist & Albert (2002) .
For contemporary samples, DNA was sheared to a size range between 200 -600 bp using ultrasonication in a Covaris S220, and then indexed, shotgun genomic sequencing libraries were prepared following the standard Illumina TruSeq protocol. For herbarium samples, we used the NEBNext DNA library prep master mix kit (New England Biolabs). Samples were quantified using the PicoGreen high sensitivity assay, then pooled, and sequences were produced on the Illumina MiSeq (150 bp paired-end reads) and HiSeq 2000 platforms (48 bp single-end reads and 100 bp paired-end reads).
Reads were demultiplexed and adapter sequences were trimmed using the program AdapterRemoval (Lindgreen, 2012) . To assess DNA damage in old herbarium specimens, we examined the patterns of C→T and G→A misincorporation in the sequencing reads (from shotgun sequenced samples) using the program mapDamage2.0 (Jónsson et al., 2013) . For this analysis, we mapped reads to a chloroplast genome sequence assembled from a contemporary specimen of Haplostachys haplostachya (see below). We investigated the C→T misincorporations at the first position of the 5' end of the aligned reads, and compared the results to data from ancient mammal remains up to ~2500 years in age described by Sawyer et al. (2012) . We also investigated plots of the C→T and G→A misincorporation rates at both the 5' and 3' end of the reads.
Assembly of the Hawaiian mint reference chloroplast genome
Because no chloroplast genome sequences from closely related species were available at the time, we implemented a combined reference-guided and de novo approach (Cronn et al., 2008) to assemble the sequence for Stenogyne haliakalae, the Hawaiian mint species with the greatest number of reads. First, we conducted a reference-guided assembly using YASRA 2.32 (Ratan, 2009 ) with olive (Olea europaea, NC_013707) (Mariotti et al., 2010) as the reference, which was the closest chloroplast genome sequence available at the time, and a setting of ≥75% identity between the reads and the reference. We also conducted de novo assembly of the shotgun data using default settings in SOAPdenovo v1.05 (Li et al., 2010) . Contigs from these analyses were combined into a single dataset, split into overlapping sequences of 400 bp, and a second YASRA analysis performed using the same settings as above. The order of the resulting contigs, as compared to the olive sequence, was determined using BLAST searches.
In order to close the gaps between contigs, we designed 38 pairs of PCR primers using Primer3 (Rozen and Skaletsky, 2000) , with primers located on the ends of each contig (see Supplementary Table 1 in the companion data paper by Welch et al., 2016) . Since the length of the gaps between the contigs was not precisely known, we used DNA extracted from a highquality contemporary sample of S. bifida. Amplifications were conducted using 1X AmpliTaq PCR Buffer II, 2.5 mM MgCl 2 , 0.2 mM dNTPs, 5 mM TMACl, 0.04% BSA, 0.4 µM each primer, 1 unit AmpliTaq DNA Polymerase (Applied Biosystems), and 1 µL DNA extract in 25 µL total reaction volume. Reactions were incubated at 95 o C for 2 min, and 35 cycles of 95 o C for 30 sec, 50 o C for 30 sec, and 72 o C for 1 min, followed by a 4 min incubation at 72 o C. PCR products were Sanger sequenced in both directions at the University of Washington High 6 Throughput Genomics Center in Seattle, Washington. Sanger sequences were trimmed, edited, and then aligned to contig sequences in Sequencher 4.7 (Gene Codes). A pseudo-reference sequence was made of the resulting assembly, as described in Cronn et al. (2008) .
Reads from S. haliakalae were mapped to the pseudo-reference sequence using the program BWA v. 0.6.2 ). The assembly was viewed using the program Tablet (Milne et al., 2013) , and then further refined through Sanger sequencing of eight additional regions (see Supplementary Table 1 in Welch et al., 2016 , for primer information) where sequence coverage or mapping quality was low (e.g., border of the inverted repeat and small single copy region, in tandem repeat regions, and homopolymer runs). Reads were mapped to the final assembly sequence, PCR duplicates were flagged using the MarkDuplicates tool of the Picard command-line tools software suite (http://picard.sourceforge.net/index.shtml), and a consensus was called using SAMtools v. 0.1.19 ). The reference genome assembly was initially annotated using DOGMA (Wyman et al., 2004) , with the annotations refined using tRNAscan-SE (Schattner et al., 2005) and additional BLAST searches. The inverted repeats were analyzed using the program Inverted Repeats Finder (Warburton et al., 2004) with T7 set to 500,000 and a maximum loop size of 1,000,000. A diagram of the chloroplast genome assembly was created using Circos (Krzywinski et al., 2009 ).
Assembly of additional mint chloroplast genome sequences
We also assembled chloroplast genome sequences for 11 additional mint species, for which sufficient data were available (Table 1) , using methods similar to those described above. For the Hawaiian mints we conducted reference-guided assembly using YASRA for each species with S. haliakalae as the reference sequence. A consensus sequence was called, and reads were mapped again using BWA. A final species-specific consensus sequence was called using SAMtools. To assemble the chloroplast genomes for the Stachys species, we first assembled the sequence for Stachys chamissonis, as this represents the species that is most closely related to the Hawaiian mints in phylogenies constructed from short chloroplast sequences (Lindqvist and Albert, 2002; Roy et al., 2013) . We conducted five separate YASRA runs, using recently available chloroplast genome sequences as references: S. haliakalae, Olea europaea, Sesamum indicum (NC_016433) (Yi et al., 2012) , Origanum vulgare (JX880022) (Lukas and Novak, 2013) , and Salvia miltiorrhiza (NC_020431) (Qian et al., 2013) . The contigs from the runs with each reference were aligned and an interim consensus sequence called. The reads were then mapped to this interim sequence, and a final consensus sequence was created with SAMtools. The Stachys chamissonis sequence was used as the reference for YASRA assemblies of the remaining Stachys species. However, for Stachys byzantina, the most divergent species of our taxa, additional YASRA runs were conducted using Olea europaea and Sesamum indicum as references. Genome sequences were annotated as described above.
We used Mauve 2.3.1 (Darling et al., 2010) to compare the structure and similarity of the mint genome sequences to each other and to 13 available Lamiales chloroplast genomes: Ajuga reptans (NC_023102), Andrographis paniculata (NC_022451), Boea hygrometrica (NC_016468), Jasminum nudiflorum (NC_008407), Lindenbergia philippensis (NC_022859), Olea_europaea (NC_013707), Origanum vulgare (JX880022), Pinguicula ehlersiae (NC_023463), Salvia miltiorrhiza (NC_020431), Schwalbea americana (NC_023115), Sesamum_indicum (NC_016433), Tectona grandis (NC_020098), and Utricularia gibba (NC_021449). For all analyses we set the gap opening penalty to -200 and the gap extension penalty to -30. For comparisons of mint sequences to each other, we assumed the chloroplast genomes were collinear and set the seed weight to 9. Similarly, to compare mint chloroplast genomes with other Lamiales without rearrangements, we assumed the sequences were collinear, and set the seed weight to 7. For comparisons of mint sequences to other Lamiales that demonstrate inversions and rearrangements, we trimmed off one of the inverted repeats at coordinates suggested by Inverted Repeats Finder so that homology could be determined in the remaining region. Seed weight was set to 19 for this analysis.
Investigation of variable sites and regions
To further investigate the distribution of variable sites across the chloroplast genomes of the Hawaiian mints and the Stachys outgroups, we identified single nucleotide polymorphisms (SNPs) among six high quality chloroplast genomes: Stenogyne haliakalae, Stenogyne bifida, Haplostachys haplostachya, Stachys chamissonis, Stachys coccinea, and Stachys sylvatica. These species represent all of the main lineages within our samples, and for which chloroplast genomes were sequenced at > 10X depth. We used BWA to map the reads for each of these species onto the Stenogyne haliakalae reference genome as described above. The programs SAMtools and BCFtools were used to call SNPs with a SNP quality score > 30. All SNPs were manually examined in Tablet and SNPs on edges of indels and repetitive regions were excluded. Annotations of the S. haliakalae reference genome were transferred to the locations of the SNPs for comparisons of variability with the most commonly used plastid regions for phylogenetic analyses (Shaw et al., 2005; Shaw et al., 2007) . We compared the levels of chloroplast genome diversity among the six genomes by identifying unique, variable positions, which we refer to as potentially informative characters (PICs) (Shaw et al., 2005; Shaw et al., 2007) . Note that the definition of PIC used here excludes indels and inversions, which have been included in other studies of locus variability (Shaw et al., 2005; Shaw et al., 2007) .
We conducted several analyses of the PIC datasets to examine patterns of variation in the Hawaiian mints and the Stachys outgroups. For coding, intron, and intergenic spacer and pseudogene regions we compared the number of PICs per locus. However, this approach does not take into account the length of the locus, and very long loci will appear to have more PICs than shorter loci. Therefore, we divided the number of PICs by the total length of the region to give the percent PICs per locus. However, very short regions could still appear to have a high percentage of variable sites, when in fact only a small number of the sites were variable. We show both measures in the companion data paper (Welch et al., 2016) . We also investigated variability across the genomes by calculating these measures for 1,000 bp non-overlapping sliding windows across the entire chloroplast genome sequences.
Targeted resequencing of variable regions
We used a multiplex, tailed amplicon sequencing approach to target the most variable regions of the chloroplast genome for sequencing and phylogenetic analyses in an extensive set of 105 mint taxa (Fig. 2) . To identify variable regions, reads from 15 taxa subjected to shotgun sequencing (including the partial genomes from all of the historical samples, except Phyllostegia variabilis) were mapped to the Stenogyne haliakalae reference sequence using BWA. These taxa represent members from all three genera of Hawaiian mints and close and more distant Stachys relatives. SNPs were called with SAMtools and BCFtools, filtering out those with SNP quality < 30. From among these SNPs we selected a total of 108 variable loci identified from the single copy regions, including (1) all the regions that had a variant position among the Hawaiian mints (except where every individual had an alternative allele compared to the reference sequence) and (2) additional regions that had variant positions among at least two of the Stachys species. 100 bp of flanking sequence on either side of the SNPs was retrieved from the reference genome, and PCR primers were designed using BatchPrimer3 (You et al., 2008) and examined manually for quality control. Sequences complementary to the Illumina sequencing adapters were appended to the end of each primer (see Table 9 in the companion data paper by Welch et al., 2016) .
Multiplex PCR amplification was conducted using 12-13 loci per reaction, for a total of 8 reactions per sample. Reactions were prepared on ice in 50 µL total volume with 1X Amplitaq Gold PCR buffer, 2.5 mM MgCl 2 , 0.2 mM dNTPs, 0.2 µM each forward and reverse primer, 0.04% bovine serum albumin (BSA), 5% dimethyl sulfoxide (DMSO), 5 mM tetramethylammonium chloride (TMACl), 1 unit of Amplitaq Gold DNA polymerase and 30 ng total DNA. Amplification was conducted using the following thermal cycling protocol: 94 o C for 10 min, then 40 cycles of 94 o C for 30 sec, 50 o C for 30 sec, 72 o C for 30 sec, followed by 72 o C for 7 min. Reactions were pooled and purified using 0.65x Agencourt AMPure XP magnetic beads according to the manufacturer protocol, except using 80% ethanol for wash steps and eluting in 1X TE buffer. A second, indexing PCR was conducted to add sample specific indices and extend the sequencing adapters to full length. Reactions were conducted in 25 µL volumes, with 1X Amplitaq Gold PCR buffer, 2.5 mM MgCl 2 , 0.2 mM dNTPs, 2.5 µL of P5 Index and 2.5 µL of P7 Index 2 from the Illumina Nextera Index Kit, 0.04% BSA, 5% DMSO, and 5 mM TMACl, 1 unit of AmpliTaq Gold and 10 µL of the cleaned multiplex PCR product. Amplification was conducted using the following thermal cycling conditions: 94 o C for 10 min, then 5 cycles of 94 o C for 30 sec, 63 o C for 30 sec, 72 o C for 30 sec, and a final elongation of 3 min at 72 o C. Reactions were purified using the AMPure XP magnetic beads as above, but eluting in Qiagen EB buffer instead. Libraries were quantified using the Qubit dsDNA HS assay, pooled and 150 bp paired-end sequences were produced on the Illumina MiSeq platform.
Sequencing reads were demultiplexed, mapped to the S. haliakalae reference genome and SNPs were called using SAMtools as above. Any variable sites with a SNP quality score < 30, as well as those occurring in the PCR primer locations, were discarded. Four loci with low coverage in the majority of individuals were excluded as well. The remaining SNPs were manually examined in Tablet and those that occurred on edges of gaps and homopolymer repeats were excluded, as above. Fifteen sites assigned a genotype of "0/1" by SAMtools were tagged as potential sites of heteroplasmy or SNP calling errors, and hence were removed from further consideration in phylogenomic analyses (see Supplementary Table 1 for a list of sites). The final SNP dataset contained 750 loci, which represented sequence data from 18,670 bp of the most variable chloroplast regions in 105 mint taxa (alignments are deposited in the TreeBASE data repository, http://purl.org/phylo/treebase/phylows/study/TB2:S18917).
Phylogenetic and other data analyses
We conducted phylogenomic analyses of the 12 complete mint chloroplast genome sequences described here, and additional analyses of these sequences plus 13 Lamiales sequences available in Genbank: Ajuga reptans, Bartsia inaequalis (KF922718), Boea hygrometrica (NC_016468), Jasminum nudiflorum, Lindenbergia philippensis, Olea_europaea, Olea_woodiana (NC_015608), Origanum vulgare, Pinguicula ehlersiae, Salvia miltiorrhiza, Sesamum_indicum, Tectona grandis, and Utricularia gibba. Tobacco (Nicotiana tabacum, Z00044) was used as outgroup. Sequences were aligned with MAFFT v7.164b using the FFT-NS-2 progressive alignment option (Katoh et al., 2002; Katoh and Standley, 2013) . Maximum likelihood analyses were carried out on an unpartitioned data set using the RAxML blackbox web-server (Stamatakis et al., 2008) assuming the general time reversible substitution model with rate heterogeneity modeled by a gamma distribution with four discrete rate categories (GTR + G). Branch support was assessed using 1000 bootstrap replicates. Bayesian inference was conducted using MrBayes v3.1.2 (Ronquist and Huelsenbeck, 2003) on the CIPRES Science Gateway (Miller et al., 2010b) on the unpartitioned data set. The GTR substitution model was used as before, but with rate heterogeneity modeled by both a gamma distribution and a proportion of invariable sites. The default priors were utilized, along with the default heating scheme (one cold and three heated chains), and runs were conducted for 20 million generations with the first 10% discarded as burn-in. Multiple independent analyses were conducted from random starting seeds. Plots of the likelihood across generations and the effective sample size (ESS) for each parameter (>500 in nearly all cases) were examined in Tracer v1.5 (Drummond and Rambaut, 2007) . Trees were viewed in FigTree v1.4.0 (Drummond and Rambaut, 2007) .
We also conducted phylogenomic analyses for 105 Hawaiian mint and Stachys taxa on the dataset of 750 variable positions identified from sequencing approximately 20,000 bp from the most variable regions from across the chloroplast genome (Fig. 2) . This comprehensive analysis represents nearly complete taxonomic sampling for the Hawaiian lineage, including both extinct and extant taxa. Individuals used for shotgun sequencing were also included in this dataset. Analyses were conducted with an unpartitioned data set and with the data partitioned into coding and non-coding sites. We used jModelTest v2.1.6 and the Akaike information criterion (AIC) to determine the best fitting substitution model. The GTR+I+G model was selected for the unpartitioned data, and the GTR and the GTR+I+G models were selected for the coding and non-coding partitions, respectively. Maximum likelihood analyses were carried out using the RAxML blackbox web-server with these substitution models and 1000 bootstrap replicates. Bayesian inference was conducted using MrBayes 3.1.2, as described above. Runs were conducted for 30 million generations. Support for the partitioned vs the unpartitioned model was assessed using the likelihood ratio test and estimation of Bayes Factors in Tracer v1.5.
Since we expect only small genetic distances among the Hawaiian species and a network may better express the multitude of plausible trees, we created a median-joining network using the program SplitsTree v4.12.3, in which alternative potential evolutionary paths are displayed in the form of cycles (Bandelt et al., 1999; Huson and Bryant, 2006) . In addition, a principal component analysis was performed using GenAlEx 6.501 (Peakall and Smouse, 2012) and the standardized covariance method with pairwise genetic distances calculated between haplotypes. The first two principal components were plotted.
To test the effect of potential DNA damage in old herbarium specimens, we also conducted phylogenetic analyses using BEAST v1.8.2 implementing two different DNA damage models (Rambaut et al., 2009 ). We used Bayes Factors estimated in Tracer v1.5 to compare the model without DNA damage to either the model with age dependent damage at all sites or the model with age dependent damage at sites with transitions only. For all runs we utilized the partitioned data set with the substitution models described above, linking the tree and clock models across partitions. The ages of the samples were known from the year they were collected from the field, and therefore no distributions were specified for the prior on the tip dates. The uncorrelated log-normal relaxed clock was implemented with the Birth-Death tree prior, and the remaining priors were left at their default values. Multiple independent runs of 40 x10 6 generations were conducted using different random starting seeds, and the results were analyzed in Tracer as described above.
Results
Patterns of DNA damage in herbarium specimens
We obtained between ~1 and 18.8 million shotgun Illumina reads for six species sampled from herbarium collections, ranging in age up to ~100 years (shotgun sequencing reads for all samples, including herbarium and contemporary samples, have been deposited in NCBI's sequence read archive SRP070171). One sample, collected in 1903, failed to produce sufficient reads for inclusion in the analysis. The presence of C→T and G→A misincorporations across the length of the reads, with minor increases at the 5' and 3' ends, respectively, suggests evidence for the presence of damaged sites in the DNA molecules ( Supplementary Fig. 2) . We compared the frequency of C→T misincorporations at the first position of the 5' end of mint reads to levels observed in reads obtained from the remains of mammals ranging up to ~2500 years in age (Sawyer et al., 2012) . Overall, levels of damage observed in the mints were low and within the range expected for samples of this age ( Supplementary Fig. 3 ).
Stenogyne haliakalae chloroplast genome assembly and characterization
To conduct a high-resolution investigation of the evolutionary history of the Hawaiian mint radiation, we assembled the chloroplast genome for the extinct Hawaiian species Stenogyne haliakalae, collected from the island of Maui in 1936. The initial reference-guided assembly, using olive as the reference, resulted in 60 contigs ranging in length from 73 -17,056 bp with an N50 of 5,125 bp. The initial de novo assembly resulted in 39,212 contigs ≥ 100 bp, ranging up to 1,859 bp in length, with an N50 of 155 bp. These contigs were used as input for a second reference guided assembly, which produced 38 contigs ranging in length from 185 -17,056 bp, with an N50 of 6,308 bp. In our assembly, contigs stretched across all of the borders between the repeats and single copy regions. Sanger sequencing was used to close the remaining gaps, and to refine and validate the sequence. Mapping the shotgun sequencing reads against the final assembly confirms the location and orientation of the inverted repeats and suggests a complete sequence as no gaps or ambiguities were detected.
The final assembled chloroplast genome sequence for Stenogyne haliakalae is 149,736 bp (average of 50X read depth, Fig. 2 ). The sequence demonstrates the typical quadripartite structure of other angiosperms, with a large single copy (LSC) region of 81,364 bp and a small single copy (SSC) region of 17,499 bp, separated by a pair of inverted repeats (IRa and IRb) of 25,436 bp. The length and structure of the sequence is similar to other plastid genome sequences of members in the order Lamiales (Lukas and Novak, 2013; Mariotti et al., 2010; Qian et al., 2013) (Fig. 3 , see also Fig. 1 in the companion data publication Welch et al., 2016) . The overall GC content is 38.5%, with the GC content of the LSC, SSC, and IR being 36.7%, 32.5%, and 43.4%, respectively. The higher GC content of the IR reflects the higher GC content of the four ribosomal RNAs present in the IR (Fig. 2) .
The gene content and order of the Stenogyne haliakalae sequence is also similar to other Lamiales (Fig. 3) . The chloroplast genome contains 114 unique genes (see Table 2 in Welch et al., 2016) . Eighty of these are protein coding genes: seven coding for Photosystem I, 15 for Photosystem II, six for Cytochrome b6/f, six for ATP synthase, one for Rubisco, 11 for NADH oxidoreductase, four for RNA polymerase, nine for large subunit ribosomal, and 12 for small subunit ribosomal proteins. Six genes code for proteins with other functions (maturase, protease, translation initiation factor, cytochrome c biogenesis, acetyl-CoA-carboxylase, and envelope member proteins) and three code for proteins with unknown functions. In addition to protein coding genes, there are four ribosomal RNA genes as well as 30 transfer RNA genes, which represents all 20 amino acids. A total of 18 genes occur in the inverted repeats: seven full or partial protein coding genes, all four ribosomal RNA genes, and seven transfer RNA genes. Therefore, a total of 132 predicted functional genes were identified. Eighteen of these genes contain an intron (see Table 3 in Welch et al., 2016) , and the rps12 gene is trans-spliced with the 5' end in the LSC and the 3' end duplicated in the IR. Overall, 52.8% of the chloroplast genome codes for proteins, introns represent 13.3% of the genome, ribosomal RNAs account for 6.0%, and transfer RNAs make up 1.8%. The remaining 26.1% is non-coding and consists of intergenic spacers and pseudogenes.
Additional mint chloroplast genome assemblies and comparison to other Lamiales
Between 1.7 and 20.2 million shotgun Illumina reads were obtained for 15 additional species, from samples ranging up to 100 years in age. We were able to assemble complete or nearly complete chloroplast genomes for 11 species with read depths ranging between 6.7 and 193x (Table 1) . Of the 12 chloroplast genomes described here, two complete genome sequences were obtained from samples originally collected in the early to mid 1930s (Stenogyne haliakalae and Stenogyne kanehoana), and one nearly complete (~89%) genome sequence was obtained from Haplostachys linearifolia samples collected in 1910 and 1918. These three species are either extinct or critically endangered today (Wagner, 1999) . Substantial portions of the chloroplast genome (35 -42%) were obtained for three additional extinct or endangered species using herbarium samples up to 100 years old. While the approach was largely successful overall, one sample from the extinct species Phyllostegia variabilis, collected in 1903, failed to produce sufficient data.
Chloroplast genome structure was highly conserved among the endemic mints, as expected, and also among the Stachys outgroups (see Fig. 2 in the companion data publication Welch et al., 2016) . Sequence lengths among all 12 cp genomes sequenced ranged from 149,722 bp in Stachys byzantina to 150,674 bp in Stachys coccinea, with a mean of 150,124 bp (Table 1 ). All demonstrated the quadripartite structure typical of angiosperms with an LSC (mean = 81,718 ± 66 bp standard error; see Table 4 in Welch et al., 2016) and SSC (mean = 17,513 ± 28 bp), separated by a pair of inverted repeats (mean = 25,446 ± 5 bp). Most variation in length was due to small indels within the LSC, however there was one indel of 407 bp in the intergenic spacer between tRNA-Cys and petN in Stenogyne haliakalae, and three indels of 135, 145, and 111 bp in Stachys byzantina, which occurred in the intergenic spacers between rps16 and trn-Q, atpH and atpI, and trn-L and trn-F, respectively. This latter intergenic spacer is a common locus used in phylogenetic inference in plants, and a Sanger sequence of Stachys byzantina for this region (Genbank accession KF529898) determined by Salmaki et al. (2013) matched the assembly with 100% identity, including the 111 bp indel. All of the assembled sequences demonstrated the same gene content and order as described for Stenogyne haliakalae above, including the gene content of the inverted repeats.
We further compared the structure of Stenogyne haliakalae and Stachys byzantina (the most distantly related species of those assembled) with additional species of the Lamiales (Fig. 3 and Fig. 1 in Welch et al., 2016) . Structures of most Lamiales chloroplast genomes are generally highly conserved (including carnivorous members of Lentibulariaceae, Fig. 1 in Welch et al., 2016) , with only short regions differing between them. The most notable exceptions to this are an inverted region within the LSC in Schwalbea americana, an inverted and rearranged LSC region of Jasminum nudiflorum, and an inverted SSC region in Andrographis paniculata, Schwalbea americana, and Jasminum nudiflorum (Fig. 1 in Welch et al., 2016) . Phylogenomic analyses of complete chloroplast genomes (Fig. 4, Supplementary Fig. 4 ) confirm the placement of the Hawaiian mints within the Lamiaceae, the monophyly of the Hawaiian species, and that the Hawaiian mints are most closely related to Meso-South American Stachys, although there is still poor resolution within the Hawaiian lineage. All chloroplast genome sequences have been deposited in the GenBank database under accession numbers KU724131-KU724141). Alignments and tree files are available in the TreeBASE data repository (http://purl.org/phylo/treebase/phylows/study/TB2:S18917).
Chloroplast genome sequence variability within a mint radiation
A similarity plot from Mauve of the 11 complete chloroplast genome sequences from Hawaiian and Stachys taxa (excluding Haplostachys linearifolia, due to missing data) showed a high degree of similarity (see Fig. 2 in the companion data publication Welch et al., 2016) , even between Stenogyne haliakalae and the most distant Stachys species. To conduct a more detailed investigation of chloroplast genome variation in this mint radiation, we compared variable positions, or potentially informative characters (PICs) (Shaw et al., 2007; Shaw et al., 2014) , among six complete, high-quality chloroplast genome sequences (i.e. > 10X depth): Stenogyne haliakalae, Stenogyne bifida, Haplostachys haplostachya, Stachys chamissonis, Stachys coccinea, and Stachys sylvatica. These species represent each of the major maternal lineages in this group (Fig. 6) , and we compared the PICs of the three Stachys to those of the three Hawaiian mints. A total of 565 PICs were identified among Stachys species, while only 104 were variable among the three Hawaiian mint species (Fig. 2) .
To examine the distribution of variable sites across the chloroplast genome, we conducted a sliding window analysis of non-overlapping 1,000 bp segments (Fig. 5 , Table 5 in Welch et al., 2016) . Overall, the large and small single copy regions were more variable than the inverted repeat region, and the three Stachys taxa were much more variable than the three Hawaiian taxa. For Stachys, the mean # PICs per window was 4.52 (median = 4.00), while for the Hawaiian mints the mean was just 0.83 (median = 0.00). For the Hawaiian taxa, most windows (66 of 125) had no variable sites, but only 13 windows lacked variable sites among the Stachys. More conserved regions often flanked windows with higher variability, and therefore no consecutive windows of particularly high variability could be identified.
In order to compare patterns and levels of variability with the Hawaiian mint radiation to those of other closely related mints, as well as more distantly related angiosperm taxa, we investigated if particular genes or non-coding regions demonstrated higher levels of variability. We calculated the number of PICs per locus, as well as the % PICs per locus, to take into account region length. For protein coding genes, among Stachys species, 57% of exons longer than 100 bp contained at least one PIC (52/91; see Figs. 3a & 4a and Table 6 in Welch et al., 2016) , while for the Hawaiian taxa only 20% had at least one PIC (18/91). As with the sliding window analysis, the Stachys taxa demonstrated higher variability (mean % PICs per locus = 0.44) than the Hawaiian lineage (mean % PICs per locus = 0.07). For both groups of taxa, coding regions (which make up about 60% of the chloroplast genome) cumulatively contained ~40% of all the PICs identified (225/565 for Stachys and 40/104 for the Hawaiian lineage). The SSC portion of the ycf1 gene contained the highest overall number of PICs (see Fig. 3a and Table 6 in Welch et al., 2016) , however this region is fairly long (~4500 bp) and so has a moderate percentage of PICs. Among Stachys rps19, rpl36, rpl32, matk, and rbcL had the highest percentage of PICs. These overlap partially with the most variable loci in the Hawaiian lineage, which were ndhE, rbcL, and matK (see Fig. 4a and Table 6 in Welch et al., 2016) . Most of these loci are less than about 300 bp in length, except for rbcL and matK, which are both relatively long and have a higher percentage of PICs.
Unsurprisingly, non-coding regions were more variable than coding regions, with intergenic spacers and pseudogenes having higher variability than introns. Among Stachys species, 17/18 intron sequences contained at least one PIC, while the Hawaiian taxa had PICs in only seven introns (see Figs. 3b & 4b and Table 7 in Welch et al., 2016) . Again, variability was higher overall among the Stachys taxa (mean %PICs per locus = 0.61, median = 0.56) than in the Hawaiian taxa (mean = 0.10, median = 0.00). These regions cumulatively contained ~13% of all PICs identified in the genomes for both taxon sets. The ndhA intron contained the largest number of variable sites for all taxa, as well as a relatively high %PICs. The portion of the trnK-UUU intron between the first exon and the matK gene (which is contained within the intron) had the highest percentage of variable sites for Stachys. For intergenic spacers and pseudogenes, 72% of regions longer than 100bp were variable in Stachys (65/90), whereas for the Hawaiian species, only 32% were variable (29/90, see Figs. 3c & 4c and Table 8 in Welch et al., 2016) . As before, variability was higher among Stachys (mean % PICs per locus = 0.94, median = 0.82) than in the Hawaiian lineage (mean = 0.16, median = 0.00). Intergenic spacers cumulatively contained ~43% of PICs for both groups of taxa, although these regions represent only 26% of the entire chloroplast genome sequence. For Stachys species, three regions (rps16-trnQ, rpl20-rps12, and rpl32-trnL) had > 10 PICs, and all had over 1% PICs, with the rpl32-trnL region having 1.76% PICs. Three different regions had > 2% PICs: ccsA-ndhD, rps18-rpl20, and trnH-psbA. These regions largely do not overlap with the most variable regions in the Hawaiian lineage. Among those species, three regions had more than 2 PICs (petA-psbJ, rpoB-trnC, and atpH-atpI), however the three regions with the highest percentage of PICs were rpl33-rps18 (0.68%), rpl16-rps3 (0.71%), and psbI-trnS (0.83%). Only the petA-psbJ region had a relatively high number of PICs in both Stachys (9) and Hawaiian taxa (3), although the percentage PICs was moderate in both (0.85% in Stachys, 0.28% in Hawaiian).
Targeted re-sequencing and phylogeny of the Hawaiian mint radiation
We used an amplicon sequencing approach to target 108 variable regions from across the chloroplast genome of the mint species investigated here (Fig. 2) . As opposed to genotyping these 108 identified SNPs, this allowed us to discover numerous additional variable sites in the flanking regions when sequencing a larger number of taxa, and it also mitigates ascertainment bias. Out of the 108 regions (representing 19,273 bp), four were discarded for poor amplification or low sequence coverage (Mint204, Mint771, Mint43421, and Mint 57465), and all of the remaining regions were validated as containing one or more variable loci. Thus, after removing these regions, our targeted sequencing data set represented 18,670 bp of the most variable regions from across the chloroplast genome and phylogenetic analyses were conducted utilizing 750 variable SNP loci sequenced in 105 taxa (Table 2 ).
Both maximum likelihood and Bayesian inference produced congruent topologies (Fig.  6 ) with strong support for a clade of Hawaiian taxa. Both approaches demonstrated strong support for the model with data partitioned into coding vs. non-coding sites (ML: unpartitioned AIC = 18535.7 vs. partitioned AIC = 18190.6; BI: 2ln(Bayes Factors) = 36.44 in favor of the partitioned model). Analyses in BEAST incorporating models of age-dependent sequence error, potentially due to DNA degradation in old herbarium samples, were not preferred over the model without sequence error (2ln(BF) = 0.74 in support of no error model over a model of age dependent error for transitions only; 2ln(BF) = 2.09 in support of no error model over a model of age dependent error at all sites) and topologies produced under these models were consistent with topologies without the error models. The uncorrelated lognormal relaxed clock analyses in BEAST did indicate some evidence for rate variation among branches, giving an estimate for the coefficient of variation of 1.315 (95% HPD ranges from 1.01 -1.686 and does not include zero), but again the topology was consistent with analyses from MrBayes and RAxML, with the exception of the placement of two Old World Stachys taxa, which had very low posterior probability in the BEAST analysis ( Supplementary Fig. 5) .
Overall, the phylogeny (Fig. 6 ) confirms previous results showing a strongly supported clade comprising mostly Hawaiian and New World Stachys taxa in addition to some Old World Stachys, including the African species S. alpigena, S. natalensis, and S. aethiopica (Lindqvist and Albert, 2002; Roy et al., 2013) . Well-resolved clades of temperate NA Stachys, Hawaiian mints, and two Meso-SA American Stachys lineages corroborate previous results (Roy et al., 2013) , although phylogenetic resolution is overall much increased from these previous analyses based on fewer chloroplast loci. Both phylogenetic analyses and a principal coordinate analysis ( Supplementary Fig. 6 ) confirm a close maternal relationship among Hawaiian and Meso-SA Stachys taxa. Resolution within the Hawaiian lineage, however, remains poor and only to a minor degree follows taxonomy, e.g., a strongly supported clade of Stenogyne microphylla and S. rugosa and their putative hybrids that have previously shown close genetic relationships (Lindqvist et al., 2003) . The scattering of individuals across generic boundaries in the medianjoining network (Fig. 7) and principal coordinate analyses ( Supplementary Fig. 7 ) further demonstrates the inability to capture overall taxonomic groupings into three separate Hawaiian genera.
Discussion
Recent radiations provide excellent opportunities to gain a better understanding of the underlying processes of speciation, but the evolutionary histories of such radiations must first be characterized. In Hawaii, the ancestor of the endemic mints diverged into numerous species over the past few million years, filling new ecological niches throughout the islands, making it one of the most diverse plant lineages in the archipelago. However, as typical in other recent radiations, sequence divergence between these species is low and hence resolving evolutionary relationships has been challenging using traditional gene-by-gene phylogenetic methods. Clear phylogenetic resolution, based on both uniparental and biparental markers, is required for investigating the evolutionary processes underlying these radiations and dissecting putative reticulate origins. This study focused on resolving the maternal evolutionary history of the Hawaiian mint lineage.
Sequencing chloroplast genomes from extinct and ancient plant specimens
This study represents one of relatively few that have successfully obtained and sequenced ancient DNA from plants using a next-generation approach. Most paleogenomic studies to date have focused on large vertebrates that inhabit cold or temperate areas or the close relatives of crop plants that have abundant genomic information available (Allaby et al., 2015; JaenickeDespres et al., 2003) , although genome-scale sequencing approaches of herbarium material are increasingly being applied (Bakker et al., 2015; Beck and Semple, 2015; Besnard et al., 2014; Staats et al., 2013; Zedane et al., 2015) . The ability to sequence herbarium specimens, which may represent the only samples available for rare, endangered, or extinct taxa, provides great promise towards understanding important issues from biogeographic history to domestication, taxonomy, and conservation.
We used shotgun sequencing and a combination of de novo and reference-guided assembly to obtain chloroplast genome sequences of 12 mint species, including extinct taxa that were sampled over a century ago. It is well known that treatment and storage conditions of samples can dramatically reduce and degrade endogenous DNA (Pruvost et al., 2007; Staats et al., 2011) . Evidence from our shotgun sequencing data suggests that the old herbarium samples utilized here contain low levels of endogenous DNA and exhibit damage patterns typical of ancient DNA. The percentage of shotgun reads mapped is significantly lower in herbarium samples than in contemporary samples (mean herbarium = 0.4% mapped, mean contemporary = 1.85%, one-way ANOVA F = 13.71, p = 0.0019). Analyses of potential nucleotide damage patterns suggest that reads from herbarium samples contain C→T and G→A misincorporations that are characteristic of the cytosine deamination process that occurs during DNA degradation (Briggs et al., 2007; Schuenemann et al., 2011) . The estimated misincorporation rates were low overall, though, and only marginally higher in the extreme 5' and 3' ends of the reads, making this increase appear less defined than in older vertebrate samples. Overall, the low frequency of misincorporation observed in the mints matched expectations based on the relationship with sample age described by Sawyer et al. (2012) (Supplementary Fig. 3 ).
We were able to successfully obtain at least 54kb of non-contiguous chloroplast genome sequence from six of the seven species included for shotgun sequencing of herbarium material. Our results demonstrate that next-generation sequencing (NGS) is a useful approach for obtaining data from plant samples collected decades or centuries ago. The short sequencing reads obtained from NGS are well suited to the short DNA fragments typical of old samples, and the large amount of data generated using this approach allows analyses of datasets far richer than those that could feasibly be generated through Sanger sequencing (Miller et al., 2008) . The relative abundance of chloroplast DNA in the cell likely facilitated the success of our work. Beyond this, mints may provide an especially good system for ancient DNA studies because the leaves contain relatively few compounds that may inhibit DNA extraction and seem to generally preserve DNA well, as judged from the large number of specimens that have been included here and in earlier molecular systematic studies (Bendiksby et al., 2011; Roy et al., 2013; Roy et al., 2015; Scheen and Albert, 2009; Scheen et al., 2010) .
Our study employed a mix of both shotgun and targeted sequencing. The shotgun approach allows huge regions or the entire genome to be sequenced, but in the case of ancient samples it can also yield a large proportion of sequences from environmental contaminants (Noonan et al., 2005) . Thus, shotgun sequencing requires either very well preserved samples or much higher sequencing effort, which can lead to trade-offs in the number of samples analyzed. A targeted approach can be particularly useful for focusing sequencing efforts on regions of particular interest, and is beneficial for lineages exhibiting marginal sequence divergence in which the whole genome sequencing approach may be superfluous. Several targeted enrichment approaches have been developed in recent years (Cronn et al., 2012) , but they are often costly and can be time-consuming. An amplicon sequencing approach may be a simple and cheaper alternative, and multiplex PCR reduces the amount of DNA and destructive sampling required from valuable herbarium samples (Krause et al., 2006) . However, amplification-based enrichment, the approach utilized here, can also have some drawbacks. For example, multiplex PCR may lead to uneven sequencing coverage among some regions. In our dataset, however, only four loci out of 108 (3.7%) were dropped due to poor amplification or low coverage, so this was not a major issue. Additionally, amplification from the small number of endogenous, and potentially damaged, molecules of ancient DNA can lead to sequencing errors. To investigate the impact that such errors could have on our phylogenetic reconstructions, we built trees in BEAST both with and without models of sequencing error. Investigation of Bayes factors suggested that there was no support for the analyses incorporating models of sequencing errors (for transitions only or for all sites) over the models without it, therefore sequencing errors do not appear to have strongly influenced our results. Another disadvantage of the PCR approach is that targeted fragments must be ~100 bp or larger because of the necessity for PCR priming sites. Most ancient DNA is generally fragmented to sizes less than 100 bp, and so the PCR approach may preclude successful results from poorly preserved samples (Knapp and Hofreiter, 2010) . Other enrichment approaches, such as hybridization-based sequence capture (Stull et al., 2013) , may circumvent this to some degree, but targeting short sequences is still challenging (Ávila-Arcos et al., 2015).
Mint chloroplast genome structure and variability
The chloroplast genomes of the Hawaiian mints demonstrate the typical angiosperm quadripartite structure, and the gene content, order, and GC content were consistent with most other members of the Lamiales (Mariotti et al., 2010; Wicke et al., 2014; Zhang et al., 2013) . The Hawaiian mint genome did not demonstrate any rearrangements or inversions, which have been found in Jasmin nudiflorum, Schwalbea americana, and a few other species (Welch et al., 2016) (Lee et al., 2007; Wicke et al., 2013) . The lengths of the mint chloroplast genomes, including lengths of the inverted repeat and small single copy region, were similar to other species in this family, such as Origanum vulgare and Salvia miltiorrhiza (Lukas and Novak, 2013; Qian et al., 2013) , with most of the differences in length being due to short indels within the long single copy region.
One instance where the chloroplast genome sequences of the Hawaiian mints may be exceptional is in their remarkably low levels of variability. Similar to most molecular phylogenetic studies at low taxonomic levels, previous analyses of the mints have largely been based on a small number of regions, including the trnL intron, trnL-F, trnK intron, and the rps16 intron (Bräuchler et al., 2010; Roy et al., 2013) , and have suffered from low resolution within the Hawaiian lineage. However, these commonly used regions have been shown to actually be among the least informative (Shaw et al., 2005) . We compared variability of the complete chloroplast genomes of three Stachys and three Hawaiian species to investigate overall levels of variation and found that in the Hawaiian taxa, the low diversity of traditionally utilized phylogenetic markers mirrors the overall low diversity of the entire genome. Among the Hawaiian mint genera, only 104 high quality variable sites were detected (0.07%), compared to the 565 variable sites (0.4%) identified in three Stachys species.
We further examined the mint chloroplast genomes to determine if patterns of variability demonstrated by other lineages hold for the Hawaiian mints, but just at a lower scale. As typical in many other species, intergenic spacers demonstrated the highest number and percentage of variable sites in both Stachys and Hawaiian taxa, followed by introns, and finally by coding regions. A recent analysis of chloroplast genomes focusing on non-coding regions from 25, mostly congeneric species pairs suggests that a few regions are generally highly variable across most angiosperms, including ndhF-rpl32, rpl32-trnL, ndhC-trnV, and 5'rps16-trnQ . These regions have also been found to be highly variable in other studies using different sets of taxa and approaches (Byrne and Haninson, 2012; Dong et al., 2012; Shaw et al., 2007) . All of these regions were moderately to highly variable among Stachys species. On the other hand, the most highly variable regions among the Hawaiian mints, in terms of the absolute number of substitutions, were petA-psbJ, rpoB-trnC, and atpH-atpI, while the most variable regions in terms of proportion of variable sites were ycf3-trnS, rpl33-rps18, rpl16-rps3, and psbItrnS. None of these loci were particularly variable among the Stachys species, with the exception of petA-psbJ, which was moderately variable. The sliding window analysis suggested moderate agreement between the Stachys and the Hawaiian taxa regarding which consecutive areas of the chloroplast genome are most variable. Our results indicate that although the general patterns of variability identified for most angiosperms also hold true for the recent radiation of Hawaiian taxa, there is no single hyper-variable and only few moderately variable chloroplast regions of the mint genomes that would provide sufficient resolution to unequivocally identify phylogenetic relationships in this group. It is clear that a genomic approach is needed to obtain sufficient amounts of data.
Comprehensive chloroplast genome phylogeny of a mint radiation
We conducted an extensive plastid phylogenomic analysis encompassing nearly complete taxonomic sampling of the Hawaiian mints, plus a wide variety of close relatives and outgroup taxa from the genus Stachys, to investigate if a genomic approach can resolve maternal relationships among the Hawaiian mints and their close mainland Stachys relatives. Our approach adds considerable resolution to the Stachydeae phylogeny, similarly to trees based on ribosomal DNA data (Roy et al., 2013) , and corroborates the findings of four well-supported clades comprising a clade of temperate NA Stachys (including a few East Asian Stachys), two Meso-SA Stachys clades, of which one also includes the Californian-Pacific northwestern species Stachys chamissonis, and a clade composed of the Hawaiian taxa (Fig. 6) . A close relationship between the Hawaiian taxa and Meso-SA Stachys clades is strongly supported, as has been suggested previously with cpDNA data, confirming the cyto-nuclear discordance in this lineage (Fig. 1) . Within each of the four main clades, resolution is remarkably improved compared to phylogenies based on many fewer cpDNA markers (Roy et al., 2013) . For example, close relationships, also identified from nuclear ribosomal markers, are corroborated between large-flowered SA (Stachys lamioides) and Mexican (Stachys coccinea and S. pacifica) species in the Meso-SA clade II and between Eastern NA Stachys species (S. hispida, S. latidens, and S. aspera).
Although resolution within the Hawaiian lineage is enhanced, the three genera are not supported as monophyletic, and only a few strongly supported relationships can be discerned among individual species (Figs. 6 and 7) . For example, we recovered a strongly supported clade comprising Stenogyne rugosa, S. microphylla, S. angustifolia, and purported hybrids between the two former species, relationships also reported with nuclear AFLP data (Lindqvist et al., 2003) .
A second S. rugosa specimen (HI03-65) groups in a strongly supported clade with S. sessilis, S. cranwelliae, and S. macrantha, all species occurring on the island of Hawai'i. This specimen from the Kona District belongs to a distinct S. rugosa population described as unusually dense tomentose and has been attributed to a variety of S. rugosa (S. rugosa var. mollis) . Our results suggest that this population deserves an elevated status as a new species. Although most suggested relationships based on morphological affinities are not supported here, other close interspecific relationships are confirmed, including that of Phyllostegia helleri and P. electra (Wagner, 1999) , P. mannii and P. racemosa, and S. haliakalae and S. rotundifolia . The latter two species group together in a strongly supported clade with S. kamehamehae, a species characterized by long and strongly falcate corollas, indicating a close relationship among these three species. We also find another close relationship of relatively large-flowered Stenogyne, including of S. calaminthoides and an accession of S. macrantha. A second accession of S. macrantha groups with S. cranwelliae, S. sessilis, and S. rugosa, questioning the circumscription of this taxon and highlighting the need for infraspecific assessments. Furthermore, P. helleri and P. electra belong in a strongly supported clade together with P. waimeae and P. renovans, indicating a close relationship among these species that all occur on Kaua'i, the oldest extant high island in the Hawaiian archipelago. Close relationships of numerous other species from Kaua'i are suggested, including of P. kahiliensis and P. knudsenii, as well as S. kealiae, S. purpurea, and S. campanulata. Similarly, several well-supported clades comprise species exclusively from the younger islands, Hawai'i and the former Maui Nui complex (Maui, Moloka'i, and Lana'i), suggesting several cases of intra-island diversifications. The interspersing of species from Kaua'i among species from O'ahu and the younger Hawaiian islands indicate a complex biogeographic history, possibly involving multiple forward and backward dispersal events, a finding also shown with nuclear ribosomal markers (Lindqvist et al., 2003) .
Conclusions
In large and recent radiations that also display interspecific gene flow and complex diversification patterns, such as the Hawaiian mint lineage, fully resolved uniparental evolutionary histories are important components in dissecting their hybrid ancestries. Our study demonstrates that a plastid phylogenomic approach will increase phylogenetic resolution for recently diverged lineages that are poorly resolved with smaller datasets, including those relying on traditionally utilized cpDNA markers. Our results also illuminate, however, the challenges of resolving relationships within such recent radiations, even when massive datasets are available. An approach to sequence complete chloroplast genomes, instead of targeting variable regions, can possibly capture even more sequence diversity among the Hawaiian mints but is unlikely to generate a fully resolved maternal phylogeny due to the evident overall lack of variation. Similarly, phylogenetic reconstruction of ribosomal and low-copy nuclear biparental markers have demonstrated remarkably poor resolution within the Hawaiian lineage, and incongruence between individual gene trees (Roy et al., 2013; Roy et al., 2015) . Intriguingly, low-copy nuclear gene trees have shown the Hawaiian species to be polyphyletic, interspersed with either temperate North American or Meso-South American Stachys, while a multilocus coalescence analysis concur with nrDNA results placing them within the temperate North American Stachys clade (Roy et al., 2015) . Neither of these analyses, including the ones presented here, has been able to resolve the currently recognized generic boundaries of the Hawaiian mints, questioning the taxonomic circumscription of this lineage and the interrelationships of its members. A phylogenomic approach targeting thousands of independently evolved nuclear loci may be the only way to assess the current taxonomy of this group, and dissect the roles of hybridization and introgression in the origin and rapid diversification of this insular lineage. Phylogenomic methods based on markers identified from, e.g., restriction site associated DNA sequencing (RADseq) (Cruaud et al., 2014; Eaton and Ree, 2013; Smith et al., 2014) , targeted enrichment of ultraconserved elements (UCEs) or conserved ortholog sequences (COS) (Mandel et al., 2014; Smith et al., 2014) , and RNA-Seq (Wen et al., 2013; Wickett et al., 2014) could be suitable methods to resolve Hawaiian mint relationships. However, these approaches are also associated with challenges, including accurately inferring orthology in high polyploid plants, slow mutation rates in exonic regions, which may be too low to resolve recent radiations (Giarla and Esselstyn, 2015) , and the need to obtaining high quality RNA and DNA. Overcoming these challenges and utilizing both uniparental and multilocus nuclear data sets may be the best way forward. These combined with the powerful approach of conducting extensive taxonomic sampling of rare, endangered, and extinct taxa from herbarium collections will contribute to a better understanding of the underlying processes that drive recent radiation in this and other plant lineages. 0  5000  10000  15000  20000  25000  30000  35000  40000  45000  50000  55000  60000  65000  70000  75000  80000  85000  90000  95000  100000  105000  110000  115000  120000 Number of PICs Position in Chloroplast Genome (bp) LSC SSC IR Figure 6 . Chloroplast phylogeny of the Hawaiian mint radiation and Stachys relatives constructed from a partitioned analysis (coding vs non-coding) of ~20,000 bp targeting the most variable regions of the plastid genome (see Fig. 2 ). Support from 1000 maximum likelihood bootstrap replicates is indicated by circles with black = 90 -100, gray = 80-89, white = 70 -79. Posterior probability from Bayesian inference is indicated by squares with black = 0.95 -1.0, gray = 0.90 -0.94, white = 0.80 -0.89. In the Hawaiian lineage, Phyllostegia species are indicated in purple, Stenogyne in orange, and Haplostachys in teal. For taxa with multiple accessions, the accession number is indicated in parentheses (see Table 2 ). *indicate taxa for which full chloroplast genomes were sequenced.
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